Studies regarding biodegradable nanocomposites to be used as orthopedics devices have been intensified. This work aims to investigate the influence of ND dispersion on thermal and mechanical properties of a biocomposite of poly(3-hydroxybutyrate) (P(3HB)) reinforced with nanodiamonds (ND) intended to be used as orthopedics devices, with advantages as biodegradability. In order to improve its dispersion, P(3HB) has encapsulated ND in three different mass ratios: P(3HB):ND(16:1), (12:1) and (8:1). However, for all formulations, NDs are presented as agglomerates, in different intensities. In order to relate the distribution of ND within the polymer matrix and biocomposite properties, TGA, DSC, and DMA analysis were done. The formulation with higher content of ND, P(3HB):ND(8:1), presents larger aggregates; thus, decreasing its properties. With smaller and more distributed agglomerates, the 12:1 ratio composite displayed superior storage modulus and glass transition temperature, probably due to better polymer chain restriction.
Introduction
Macro-scale composites can have their properties optimized by replacing their filler with a nano-scaled reinforcement, which must have at least one dimension in the range of 1-100nm, the resulted material is defined as nanocomposites 1, 2 . Nanocomposites may achieve superior properties than conventional composites because the reduced dimension of its particles promote a drastic increase in the superficial area to volume ratio, and consequently in the reinforcement/matrix interface, optimizing its properties, in addition to requiring smaller loading (percentage in weight) to achieve similar reinforcement. However, in order to achieve these benefits, the particles must be well distributed on the matrix [3] [4] [5] .
A viable nanocomposite application is to develop biomaterials. Even though it is a recent topic, biomaterials have been used for a long time. Nowadays, it is widely used in the medical industry. Metallic alloys as stainless steel, titanium and Co-Cr alloys are the most common materials used as orthopedic fixation dispositive. However, they don't fully present all the desirable characteristics as: mechanical properties similar to the bone, in order not to stress-shield it; biocompatibility, not to cause an inflammation or toxic response; biodegradability, so that the dispositive will be integrated to the host bone structure and to eliminate the need of a second surgical procedure to remove them 6 .
Actually, they have a stiffness much higher than bone; Co-Cr alloys and stainless steels are oxidized and release metallic ions that may provoke an inflammation; and they are not biodegradable 7 . An alternative to develop a material that meets all the requirements is to engineer a biodegradable polymer biocomposite reinforced with an inorganic particle. In addition to not requiring a second surgery to remove it, a biodegradable polymer can be designed to degrade at a rate that allows a progressive increment of load in the injured bone, decreasing the probability of a new fracture 8 ; and act as a substrate for new bone tissue growth 9 . Poly(3-hydroxybutyrate) (P(3HB)) is a biodegradable polyester from the polyhydroxyalkanoate (PHA) family. It is a highly crystalline polymer, with properties similar to polypropylene (PP); however, its brittleness limits its application 10 . It is a promisor polymer for biomedical application. The P(3HB) hydrolytic degradation product, D-(-)-3-hydroxybutyric acid, is an usual metabolite in all living beings 11 . Different from the others biodegradable polymers, P(3HB) doesn't change the region pH while being degradaded 12 . However, it has a slow degradation rate 13 . Doyle, Tanner and Bonfield demonstrated that it has a good tissue adaptation response and no inflammatory response after up to 12 months 14 . Gredes et al. concluded that P(3HB) patches presented an osteoconductive behavior 15 . Nanodiamond (ND) has been attracting large interest, since it is has a large-scale production, low-cost associated and unique properties 16 . It is known for its superior hardness, high [17] [18] [19] . It has been studied for different applications as abrasive pastes 20 , wear-resistant coating 21 and UV protection flms 22 . Due to it biocompatibility, it has been also studied for drug-delivery 23 . Zhao et. al found the addition of ND on poly(lactic acid) (PLA) to increase dynamic mechanical properties on injection molded samples 26 . The influence of ND on PCL electrospinning fibers 27 and poly(LLA-co-CL) films 28 was also investigated by other authors. However, no published paper studying the incorporation of ND on P(3HB) or any of the PHA polymers was found.
This work aims to develop a nanocomposite of P(3HB) reinforced by ND. To study the influence of ND distribution on the thermal and mechanical properties and obtain a formulation that optimize the biocomposite properties in order to be used as bone grafts and orthopedics devices (internal fixation devices, e.g., screw, plate and suture anchor).
Materials and Methods

Materials
In this work, both chloroform (C 2 H 6 O) PA (99.8%) and ethylic alcohol (CHCl 3 ) (95%) were acquired from VETEC, Sigma-Aldrich. The nanoparticles of detonation diamond (ND), DYK-J, were purchased from Diambra diamantes, with a diameter range of 2-250nm and specific surface area of 15m 2 /g. The P(3HB) obtained as powder, was synthetized by PHB Indústria, claimed to have a molecular weight (M w ) of 600,000 Dalton, density of 1.20-1.24 g/cm 3 and melting temperature of 175ºC.
Nanocomposite preparation
The polymer underwent a purification process on chloroform under reflux for 10h, precipitated in ethylic alcohol at 0ºC, and dried at 60ºC for 4h or until further solvent is evaporated. The ND were encapsulated by P(3HB), in an attempt to improve the particles dispersion on the polymeric matrix. The methodology is being patented. To encapsulate the particles, a solution of 4g of P(3HB) and 150mL chloroform was homogenized. Afterwards, the ND was added to the solution in three mass ratios: P(3HB):ND (16:1), (12:1) and (8:1). Then, each solution was evaporated, encapsulating the nanoparticles, according to the methodology.
Specimen preparation
A mass of 1.85g of the previously encapsulated material was added to the mold and manually compacted. The mold was placed on a hydraulic press (Marcone MA 098/A) heated to 150ºC, aided by a lateral heating ring and compaction force of 6.5ton. The specimen final dimension is 35x10x4mm.
Characterization
P(3HB) viscosimetric molecular weight was determined by Mark-Houwink equation (Equation 1), using a CannonFenske viscometer immersed in a thermal bath at 30ºC using chloroform as solvent. Five solution concentration and five readings were used to determine the viscosimetric properties.
is the intrinsic viscosity, K and α are constants for a given solution at a determined temperature; K=0.0118mL/g and α=0.78, determined by Akita et. al, was used 29 . Some analyses were done in order to investigate the effect of different loads of ND over the thermal and mechanical properties: Differential Scanning Calorimetry (DSC), performed using a TA-Instruments DSC Q2000, at a heating rate of 10ºC/min and under a nitrogen atmosphere of 20mL/ min; Thermogravimetric Analysis (TGA), performed using a TA-Instruments TGA Q5000 at a heating rate of 10ºC/min and nitrogen flow rate of 100mL/min; Dynamic Mechanical Analysis (DMA), performed using a TA-Instruments DMA Q800, at an oscillation amplitude of 10µm, frequency of 1Hz and heating rate of 3ºC/min, using a three-point bending clamp.
The micrographs of the samples fracture surface after mechanical testing were obtained using a Shimadzu SSX-550 Scanning Electron Microscope (SEM); used to evaluate the ND morphology, distribution and agglomeration on the fracture surface. Then, correlate it with previous results of thermal and mechanical analyses.
Results and Discussions
The P(3HB) molecular weight obtained by viscometry was 49,084 g/mol. In order to evaluate the effect of adding ND in a matrix of P(3HB), thermal and mechanical analyses were done. Aided by the micrographs done by SEM, it was able to correlate the results of the analyses with the distribution of ND in the P(3HB) matrix.
A sample of each composition was taken out from its specimen and analyzed by TGA, aiming to investigate the influence of different loads of ND on the composite thermal behavior; the resulted curve is shown in Figure 1 . For all formulation, its weight start to decrease at 230ºC and from 300ºC on there is no significant change on weight. This range of temperature, which occurred loss of weight, correspond to P(3HB) degradation, and it is the same range for all formulation. On the curve of derivative weight loss per temperature, the formulations presented the same behavior, displaying its peak (the highest rate of weight loss) at the same temperature. It can be concluded that the variation of ND load, for the analyzed formulation, does not modify both the P(3HB) rate of weight loss and range of temperature that it degrades. However, all formulations peak of weight loss rate compared to raw P(3HB) are shifted to lower temperatures. It can be due ND lower specific heat capacity (C p ): 3.98±0.20 J/cm³.K and 1.6 J/cm³.K, of PHB 30 and ND 31 , respectively. PHB has a C p more than two-fold higher than ND.
TGA was also used to determine the percentage in mass of ND on the sample analyzed. The values are presented on Table 1 . There is a significant difference between the percentage of ND on the solution before encapsulation and on the sample analyzed. This difference may be due loss of material during encapsulation process and heterogeneous distribution of ND in P(3HB) matrix, as it was confirmed by SEM micrographs; therefore is possible that the sample taken out from the specimen may correspond to the region poor of ND. In order to confirm the heterogeneous distribution of ND, two additional samples from different specimen regions of each formulation (referred as region A, B and C) were also analyzed, as shown in Figure 2 . The ND content present in different regions of P(3HB):ND(8:1) are: 7.2wt%, 4.7wt% and 3.4wt%, for regions A, B and C, respectively.
Crystallinity is a property very important for a polymer; it influences their mechanical and thermal properties. DSC analysis can be used to determine it, through obtaining its melting enthalpy (ΔH m ), which is calculated upon the area under the polymer melting peak on the DSC curve.
The melting enthalpy, melting temperature and crystallinity for the three formulations and raw P(3HB) taken from the DSC curve are shown on Table 2 . To calculate the crystallinity, the following equation was used 32 : Where f is P(3HB) fraction in mass on the composite, ΔH m o is the melting enthalpy for a 100% crystalline P(3HB) (146J/g) 33 . The crystallinity of pure P(3HB) obtained (64.5%) is similar to values reported in the literature. El-Hadi et al. reported 60% of crystallinity calculated from DSC curves 34 . Crétois et al. found the same 60% of crystallinity for an aged P(3HB) 35 . Galego et al., by means of X-ray diffraction technique, found the crystallinity of pure P(3HB) to be 69.0 ± 0.2% 36 . However, different values may be found, since PHB is very sensitive to secondary crystallization and physical aging, which may increase crystallinity 35, 37, 38 . According to what is presented on Table 2 , the crystallinity decreased with addition of ND, regardless of ND content; it can be justified by presence of aggregation of ND on all formulation, obstructing their polymeric chains mobility, which limits P(3HB) crystallization. Jee and Lee also found the crystallinity to decrease due aggregation for higher loads of ND (7 and 9wt%) in a matrix of low-density polyethylene (LDPE) 39 . Other authors found that adding small loads of welldispersed ND increase crystallinity of PLA 26 and polyvinyl alcohol (PVA) 19, 40 , arguing that it acts as nucleating agents. For same reasons presented for crystallization behavior, the melting temperature for the three compositions are lower than raw P(3HB); and it remains almost the same among the three compositions.
In the Figure 3 is shown the micrographs for the three formulations, where the regions where ND is agglomerated are indicated. ND has a high tendency to agglomerate, due its large surface area/volume and the many functional groups presented on its surface (hydroxyl, carbonyl, ether, amine, amide, etc.) 41, 42 . In addition to the agglomerates, other features were identified on the micrographs. On the specimens surface of fracture are shown cracks, voids and indications of particles debonding; they are represented in Figure 4 as C, V and PD, respectively. These defects limit the potential to increase the biocomposite properties, they may even weaken it.
Dynamic mechanical analysis (DMA) were done for the three formulations and raw P(3HB). The storage modulus per temperature and tangent of delta per temperature curves are shown in Figure 5 . Even though P(3HB):ND(8:1) has the highest ND content, this formulation presents the lowest Figure 3 (A), for this formulation, the ND are arranged as large agglomerates. Thus, there isn't an effective restriction on the polymer chain mobility; instead, as its storage modulus is slightly inferior of raw P(3HB), we can conclude that these large agglomerates acted as a stress concentrator, weakening the composite, decreasing its stiffness.
The formulation that presented the highest storage modulus was P(3HB):ND(12:1), according to what is shown in Figure 3(B) , agglomerates is also present on the surface; however, they are smaller and more homogeneously distributed on the matrix, promoting a better anchorage of polymeric chains. The P(3HB):ND(16:1) formulation, also presents a storage modulus higher than raw P(3HB), showing that it also restrain the polymeric chains mobility. However, since it has a lower content of ND, there is fewer anchorage regions; thus, lower stiffness and storage modulus. For the same reasons presented for storage modulus, glass transition temperature (T g ), defined by the temperature where occurs the peak on the tanδ per temperature curve 36 , the P(3HB):ND(12:1) presents the highest T g , followed by P(3HB):ND(16:1) and P(3HB):ND(8:1). The values are presented on Table 3 . 
Conclusions
The analyses performed allowed to conclude that the content of ND indicated by TGA differs from the content added to the solution before encapsulation; due a possible loss of material during the encapsulation phase and heterogeneous distribution of ND in the composite; therefore, the ND content of the sample taken from the specimen for analysis is likely to differ from the mean value present in the composite, since it may correspond to the region poor or rich on ND. Due the presence of agglomerates, there was a decrease on crystallinity and melting temperature for all formulations, more pronounced for P(3HB):ND(8:1). The formulation P(3HB):ND(12:1) presented higher storage modulus and T g , promoting a better anchoring of polymeric chains, justified by its agglomerates more homogeneously distributed on the matrix. From the SEM micrographs of the specimen fracture surface was identified cracks, voids and particles debonding, which limited the properties optimization.
